ABSTRACT This paper presents a comparison analysis of carrier statistics on numerical simulations of MOSFET and tunneling FET (TFET). While the MOSFET current characteristics are not sensitive to the carrier statistic utilized in the simulation, a detailed analysis is presented by inspections of the channel charge density and electric field profile. On the other hand, numerical simulations of TFETs with the Fermi-Dirac (F-D) statistics give larger current even in the sub-threshold region. It is attributed to the larger electric field across the tunnel junction between degenerated channel and heavily doped source which governs the interband tunneling process. As a result, F-D statistics should be utilized when modeling the tunneling current in TFETs.
I. INTRODUCTION
In semiconductors Fermi-Dirac (F-D) statistics describe the probability for an electron or hole to occupy a certain energy level under equilibrium states. With the concept of Fermi level E f , it writes as f F (E) = . In nonequilibrium cases the above equation is still used with the quasi-Fermi levels. Fermi-Dirac statistics is one of the master equations that are solved to calculate the characteristics of semiconductor devices. When a numerical simulation is performed or an analytical model is developed for semiconductor devices like MOSFETs, Maxwell-Boltzmann (M-B) statistics, f b (E) = exp[
], is usually employed instead of the F-D statistics due to its simplicity. The approximation is valid when the semiconductor is under non-degenerate conditions, that is, E C − E F ≥ 3kT , where E C is conduction band edge, k is Boltzmann constant, T is the temperature. Otherwise the approximation error would exceed 5% [1] . In a degenerate surface transistor, the electrostatic characteristics such as surface potential and electric field also depend on the carrier statistics through the charge terms in the Poisson equation. As a result, carrier transport characteristics also directly depend on the statistics.
While it is the consensus of the device community that M-B statistics is enough for most of the MOS-like device modeling [2] , for emerging devices like the TFETs there is no proof whether Boltzmann statistics will lead to satisfactory accuracy in the corresponding model. One conservative way is to use F-D statistics always but it may impede the development of compact device modeling. Only with M-B statistics the golden standard drain current models for long channel MOSFETs like the one by Pierret and Shields [2] can be formulated. However, in case M-B statistics leads large deviations of device characteristics from those given by F-D statistics, the latter one should still be used with some alternative modeling strategy. Many previous work on the TFET simulations have been done based on the F-D statistics [3] , [4] , but the behind reason has not been specified. In this paper, we present a comparison analysis of carrier statistics on numerical simulations of both MOSFETs and TFETs to conclude whether it's acceptable to employ the Boltzmann approximation. Electronic properties of the devices with F-D or M-B statistics are simulated using TCAD Sentaurus tools [5] . Carriers' transport mechanism in MOSFET and TFET is supposed to be drift-diffusion. The nonlocal band-to-band tunneling (BTBT) model is applied in TFET simulation and the tunneling probability is calculated with WKB model. Default SRH recombination is also included. Fermi model is activated only when Fermi statistics is used in the simulation, otherwise default Boltzmann statistics is applied in the simulations.
III. COMPARATIVE ANALYSIS
Based on the TCAD simulations in the above section, the impacts of M-B approximation on DG MOSFETs and DG TFETs' performance are discussed in this section.
Figs. 2 and 3 show the transfer characteristics and output characteristics of MOSFETs with different carrier statistics respectively. And the insets present the calculation errors from M-B approximation in terms of gate/drain voltages. The parameter Err is defined in order to measure the percentage difference in the electronic current as: in which the I F and I B refer to the current based on F-D statistics and M-B statistics respectively. It is can be seen that in MOSFET, the transfer characteristics and output characteristics with M-B statistics have good agreement with that under Fermi statistics. The difference in currents is lesser than 2% with certain voltages. And Err exhibit a upward trend with an increasing gate voltage but a decrease trend with increasing source/drain voltage. That is because as the gate voltage increases, the larger electron concentration in the channel pushes the surface to a more degenerate state, which may enlarge the error. But as source/drain voltage increases, the pinch-off point of channel/drain depletion region shifts to the source side and electrons in the channel are quickly drifted to the drain, which would reduce the M-B approximation error on the drain-side carrier concentration. However, in TFET the error due to the Boltzmann approximation is more obvious with Err nearly up to 70% (see Figs. 4 and 5) . It is worth noting that Boltzmann approximation works well in the MOSFET calculation but leads to large errors in TFET calculations, which cannot be neglected. The Fermi level is the reference energy level. For the heavily doping in source and drain, the conduction band and valence band slightly shift away from the Fermi level under Fermi statistics. The electrons can be easily transferred from the source to channel under Boltzmann approximation.
However, the Boltzmann approximation brings little error in current calculation in MOSFET. This can be explained by the different working principles between the MOSFET and TFET. In MOSFET, the source/channel junction build-in potential is supposed to be
under M-B statistics [6] . But for the degenerate source the electron density under F-D statistics can be simply depicted as n nF = α · n nB = α · n i exp(
kT ) [7] , where n nF and n nB represent the electron density under F-D and M-B respectively, n i is the intrinsic carrier concentration, E i is the intrinsic Fermi level, α is the fitting parameter to make up for the M-B approximation which satisfies α < 1. Thus the build-in potential under F-D statistics is derived as
is a little larger than that under M-B statistics. Furthermore, the electric field is also moderately underestimated with M-B approximation, especially at the depletion junction region, as shown in Fig. 7 . However, under M-B statistics the dominant higher electron concentrations in the channel (see Fig. 8 ) finally determine the slightly larger currents. It is well known that the current in MOSFET is dominated by the channel resistance rather than the resistance at the source/channel region. So the underestimated electric field at depletion region makes little difference in current calculation when simple M-B statistics are utilized to substitute complex F-D statistics. The subtle increment of current under M-B statistics mainly comes from the difference of the carrier concentration in the channel.
However in TFET the current is dominated by the carriers tunneling from the source valence band to the channel conduction band due to the large tunneling barrier and small tunneling current [8] . The dependence on the band edge profile makes the tunneling a nonlocal process. In nonlocal BTBT model, the electric field E nonl is defined as tunneling probability which strongly depended on the tunneling junction electric field can be calculated as verified in [9] and [10] :
where A and B are two parameters as in Kane's model, depended on the material, E g is the bandgap of the semiconductor, the exponential factor γ equals to 2 or 2.5 for the direct and indirect semiconductors separately. With Kane's model, the non-zero current problem at Vds = 0V may occur in TFET modeling [11] . But the Kane's model works well here since we just take it for qualitative analysis. With M-B approximation, carrier concentration is overestimated in the numerical calculations, which results in less potential dropped in the degenerate surface channel according to the Gauss theorem. Fig. 9 shows the modeled surface channel potential as a function of gate voltage with F-D and M-B statistics obtained in [12] . It is seen that the surface potential under M-B statistics is slightly lower than that under F-D statistics, which results in the smaller electric field, especially at the source/channel junction region (see Fig. 9 ). Since the tunneling probability strongly depends on the electric fields in the tunneling areas, the underestimated electric fields would finally reduce the tunneling probability in the simulations.
Energy band diagram of TFET under different carrier statistics with Vgs = Vds = 1V is shown in Fig. 10 . As the Fermi level of source is the reference energy level, the conduction band and valence band slightly moves up under Fermi statistics. Although the carrier statistics make a small difference on the energy band and electric field, the tunneling probability would decrease exponentially with Bolzmann statistics. Fig. 11 presents the band-to-band tunneling (BTBT) generation rate curve along the surface channel with F-D statistics and M-B statistics respectively in the sample device simulations. The maximum BTBT generation rates are 5.89e30 cm −3 s −1 with Fermi statistics and 4.99e30 cm −3 s −1 with Boltzmann statistics separately. The ratio of these two BTBT generation rates also matches the ratio of the current with different statistics, which strongly confirms our analysis above.
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It should be noticed that TFET may not the only special case which is not adaptable to utilize M-B statistics to approximate F-D statistics. Devices other than MOSFETs which rely on degenerated semiconductors may have the same problem.
IV. CONCLUSION
In this paper, the applicability of Maxwell-Boltzmann statistics in the calculations of MOSFET and TFET is discussed by comparing with those obtained with Fermi-Dirac statistics. It is found that M-B approximation works well in the MOSFET modeling but inappropriately for the TFET. The reason is identified that with M-B statistics the TFET obtains smaller surface potentials in the channel and smaller electric fields across the source/channel junction, which lead to the significantly reduced tunneling currents. The implication lies in that F-D should be utilized in physics-based TFET modeling. Furthermore, for some novel device model, the adaptability of M-B approximation should be taken into consideration.
